Nonresolving chronic inflammation at the neoplastic site is consistently associated with promoting tumor progression and poor patient outcomes. However, many aspects behind the mechanisms that establish this tumor-promoting inflammatory microenvironment remain undefined. Using bladder cancer (BC) as a model, we found that CD14-high cancer cells express higher levels of numerous inflammation mediators and form larger tumors compared with CD14-low cells. CD14 antigen is a glycosyl-phosphatidylinositol (GPI)-linked glycoprotein and has been shown to be critically important in the signaling pathways of Toll-like receptor (TLR). CD14 expression in this BC subpopulation of cancer cells is required for increased cytokine production and increased tumor growth. Furthermore, tumors formed by CD14-high cells are more highly vascularized with higher myeloid cell infiltration. Inflammatory factors produced by CD14-high BC cells recruit and polarize monocytes and macrophages to acquire immunesuppressive characteristics. In contrast, CD14-low BC cells have a higher baseline cell division rate than CD14-high cells. Importantly, CD14-high cells produce factors that further increase the proliferation of CD14-low cells. Collectively, we demonstrate that CD14-high BC cells may orchestrate tumor-promoting inflammation and drive tumor cell proliferation to promote tumor growth.
bladder cancer | CD14 | inflammation | microenvironment S olid tumors represent a complex mass of tissue composed of multiple distinct cell types (1, 2) . Cells within the tumor produce a range of soluble factors to create a complex of signaling networks within the tumor microenvironment (3) (4) (5) (6) (7) . One of the outcomes of this crosstalk is tumor-promoting inflammation (TPI) (8, 9) . TPI can modulate the functions of tumorinfiltrating myeloid lineage cells including macrophages (10) (11) (12) . Tumor-associated macrophages (TAMs) consistently display an alternatively activated phenotype (M2) commonly found in sites of wound healing (13) (14) (15) (16) (17) (18) . These macrophages promote tumor growth while suppressing the host immune response locally (19) (20) (21) (22) . Polarization and subversion of tumor-infiltrating macrophages is accomplished via immune mediators in the tumor microenvironment (23, 24) . Adding to the complexity of solid tumors is the heterogeneity of the cancer cells (2) . Tumor cells of varying differentiation states and different characteristics coexist within a tumor (25) (26) (27) (28) (29) . However, the different roles of each tumor cell subset during cancer progression remain undefined.
Bladder cancer (BC) represents a growing number of solid tumors characterized by the infiltration of a significant number of myeloid cells in the neoplastic lesion (30, 31) . We have previously determined that keratin 14 (KRT14) expression marks the most primitive differentiation state in BC cells (32) . KRT14 expression is significantly associated with poor overall patient survival. However, the mechanisms used by KRT14-expressing cells to promote tumor growth remain unclear. In the current study, we found that KRT14+ basal BC cells also express higher levels of CD14. Here, we investigate the strategies used by KRT14+ CD14-high BC cells to promote tumor growth.
Results

KRT14+
Basal BC Cells Express Higher Levels of CD14. We have previously identified KRT14 expression as a marker specific for the primitive/basal differentiation state in BC (32) . We further determined that CD90+ cells, which express higher levels of KRT14, represent the tumorigenic subpopulation in primary patient basal BC. Interestingly, macrophage-associated markers including CD14 were also enriched in KRT14+ BC. Flow cytometry and histology of patient BC samples indicate that BC cells expressing the epithelial lineage marker EpCAM coexpress CD14 (Fig. S1A) . Quantitative real-time PCR also revealed that CD90+ basal BC cells express higher levels of CD14 (Fig. S1B ).
CD14-High BC Cells Express Higher Levels of Inflammatory Mediators.
CD14 expression in CD90+ BC cells may potentially play a functional role in tumor cells. To specifically study the role of CD14 expression, we used a human BC cell line, 639V. 639V is a human tumor cell line established from a grade III bladder transitional cell carcinoma (33) . 639V cells uniformly expresses CD90 on their surface, indicating that they were originally Significance Our study defines the crucial role of CD14-high bladder cancer (BC) cells in orchestrating multiple hallmarks of cancer in the early stages of BC. Inflammatory factors produced by this subpopulation of tumor cells activate angiogenesis to support establishment and maintenance of an immune-suppressive, inflammatory tumor microenvironment. Additionally, this subpopulation is able to drive tumor growth by producing factors that drive autocrine and paracrine proliferative stimulation. Here we show that a tumorcell subpopulation establishes a tumor microenvironment orchestrating tumor-promoting inflammation and tumor-cell proliferation. Collectively, this study highlights the need to explore the broader role of CD14-expressing neoplastic cells in other solid tumors. It is noteworthy that CD14 expression is critical for IL6 secretion by these cells. Therefore, therapeutic targeting of CD14 might represent a strategy for treating cancer.
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derived from basal BC cells. Mirroring our observations with primary patient cancer samples, tumor cells express CD14 on their surface (Fig. S1C) . CD14 is expressed in a continuous fashion from negative to high, complicating the delineation of distinct cell populations. However, to investigate the role of CD14 expression on tumor cells, we determined the gate for CD14-low cells based on the isotype control, whereas the gate for CD14-high cells was designed to enrich for cells that had the highest expression of CD14. We isolated CD14-high and CD14-low subpopulations from the bulk 639V tumor cell line using serial FACS sorting and passaging (Fig. 1A and Fig. S1 D and E) . Interestingly, KRT14 expression is significantly increased in the CD14-high cells (Fig. 1B) , indicating that CD14-high 639V cells possibly represent the basal KRT14+ BC subpopulation observed in primary BC samples. Furthermore, CD14-high cells lose CD14 expression gradually during in vitro passaging and in vivo tumor formation, indicating possible differentiation of the CD14-high cells into the CD14-low phenotype.
We evaluated the cytokine production profile of CD14-high, -low, and bulk-unsorted 639V cells. CD14-high cells produce higher levels of various inflammation mediators, including cytokines, chemokines, growth factors, and angiogenic factors in the absence of lipopolysaccharide (LPS) stimulation (Fig. S1F) . Specifically, differences in IL6, IL8, M-CSF, VEGF-A, and FGF-2 production were found to be most dramatic in the CD14-high vs. -low cells (Fig. 1C) (2, 34, 35) . Bulk unsorted cells generally have a cytokine production profile that resembles CD14-low cells. The augmented expression of these mediators was also observed in primary human samples (Fig. 1D) . These results revealed that CD14 expression in BC marks cells that express higher levels of various inflammation mediators. (Fig. S1G) . Interestingly, the cellular composition of the tumors was significantly different. CD14-high tumors were characterized by higher frequencies of total blood lineage cells (CD45+) and endothelial cells (CD31+) (Fig. S1 H and I) . Further examination of different myeloid cell compartments demonstrated that the frequencies of macrophage (CD11b+ F4/80+) and dendritic cell (DC) (CD11b+ CD11c+) infiltrations were higher in CD14-high tumors (Fig. S1 J-L) .
Inflammatory mediators produced by CD14-high tumor cells possibly exert wide-ranging effects on different immune cell compartments during tumor growth (23) . Therefore, lack of B, T, and natural killer (NK) cells in severe combined immunodeficiency mice and potential cross-reactivity issues between human cytokines in mouse immune cells complicates the interpretation of experiments with 639V cells. Accordingly, we developed a syngeneic BC model in wild-type mice. We focused on the MB49 model, which shares several interesting similarities with human BC regarding cell-surface markers, sensitivity to apoptosis, and immunological profile (36) (37) (38) . Similar to 639V, CD14 is expressed in a continuous fashion from negative to high on MB49 cells (Fig.  S2A ). Using serial FACS sorting and passaging, we isolated CD14-high and CD14-low subpopulations from the bulk MB49 cell line ( Fig. 2A and Fig. S2 B and C). The gate for CD14-low cells was based on the isotype control, whereas the gate for CD14-high cells was designed to enrich for MB49 cells that had the highest expression of CD14. Interestingly, CD14 expression on CD14-high MB49 cells was stable over time through multiple passages.
CD14-high MB49 cells produce higher levels of numerous inflammatory mediators compared with CD14-low and bulkunsorted MB49 cells (Fig. S2D) . CXCL1, CXCL2, CXCL5 (mouse functional homologs of IL8), and IL6 production is higher in CD14-high cells ( Fig. 2B and Fig. S2E ). Additionally, CD14-high cells secrete higher levels of inflammatory small molecules (nitric oxide, prostaglandin E 2 ), myeloid cell chemokines (CCL3), and cytokines (G-CSF, LIF). Consistent with the cytokine production profile, mRNA gene expression profiling and gene set enrichment analysis (GSEA) revealed that CD14-high MB49 cells express higher levels of several genes associated with inflammation and hypoxia ( Fig. S3 A and B) .
We compared tumor growth of CD14-high and -low MB49 cells by s.c. implantation into syngeneic wild-type C56BL/6 mice. CD14-high tumors are more vascularized and have a higher frequency of blood lineage cell infiltration ( mice compared with wild-type hosts, providing evidence that an antitumor response is typically mounted in immune-competent hosts to suppress tumor growth (Fig. S2G) . However, CD14-high and -low subpopulations show no significant difference in tumor growth, indicating that the larger tumors formed by CD14-high cells in an immune-competent host could be due to its enhanced ability to suppress an antitumor response. Additionally, both CD14-high and -low tumor cells express many T and NK cell ligands, including H2-K1, CD276 (B7-H3), and Rae-1 with notable differences in CD40 expression. Collectively, the differences in human and mouse in vivo tumor growth can be reconciled by the differential ability of the tumor cell subpopulations in modulating their respective hosts' immune cells. Therefore, subsequent studies exploring the functional role CD14-high BC cells focused on the MB49 BC model in syngeneic immune-competent C57BL/6 mice.
CD14-Mediated Signaling Is Required for IL6 Production and Larger
Tumor Formation. To evaluate the role of CD14 expression on cytokine secretion, CD14 expression on CD14-high MB49 cells was knocked out by transcription-activator-like effector nucleases (TALENs) (Fig. S2H) . We isolated CD14-high MB49 cells that have lost CD14 expression (CD14 KO) by FACS and found that these cells produce drastically reduced levels of IL6 and CCL3 (Fig. 2I) . Furthermore, when implanted into mice, CD14 KO cells form significantly smaller tumors that are comparable to CD14-low cells (Fig. 2J ). These results demonstrate that CD14 expression is essential for cytokine production and tumor growth of CD14-high MB49 cells. CD14 has been shown to be critically important in the signaling pathways of Toll-like receptor (TLR) 2, 3, 4, 7, and 9 on macrophages (39, 40) . To identify upstream signaling components facilitating cytokine secretion, CD14-high MB49 cells were treated with a series of compounds that target different components of TLR signaling (Fig. S2I) . Inhibition of CD14 by a blocking antibody or OxPAPC results in reduction of IL6 production. Blocking of TLR2, 3, 4, 7, and 9 by monoclonal antibodies or chloroquine similarly results in inhibition of IL6 production. The role of adaptor molecules downstream of TLRs was also evaluated using blocking peptides. Inhibition of MyD88 or TIR domain-containing adaptor protein (TIRAP), but not TIR domain-containing adapter-inducing interferon β (TRIF), inhibited IL6 production. Taken together, these results suggest that CD14-induced IL6 secretion can be mediated by multiple TLR-signaling pathways.
Inflammation Mediators from CD14-High BC Cells Promote Immune Suppression. To evaluate whether soluble factors produced by CD14-high cells might have a direct role in promoting increased myeloid cell recruitment in CD14-high tumors, conditioned media (CM) from different MB49 subpopulations was collected, filtered, and assessed for their relative abilities to induce chemotaxis of different myeloid cells in vitro. CD14-high CM was more efficient in inducing migration of macrophages, monocytes, and neutrophils across a transwell, indicating that factors secreted by CD14-high cells can act directly on these myeloid cells to promote their recruitment ( Fig. 3 A-C) . In contrast, CD14-high CM inhibited migration of bone-marrow-derived dendritic cells in vitro, possibly reflecting the ability of CD14-high BC cells in retaining the DCs at a neoplastic lesion in vivo and preventing their migration to draining lymph nodes to activate T cells (Fig. S4A) .
Previous studies have demonstrated that tumor-infiltrating myeloid progenitors such as monocytes are immune-suppressive (41, 42) . Flow cytometry analysis revealed that tumor-infiltrating monocytic cells (Gr-1+ CD11b+) from MB49 CD14-high tumors have significantly reduced expression of MHC II, indicating possible impairment in antigen presentation to CD4 T cells (Fig. 3D and Fig.  S4B ). Monocytes differentiated in CD14-high CM also have lower MHC II expression compared with those in the CD14-low CM group (Fig. S4C) . To assess T-cell stimulation, monocytes pulsed with the chicken ovalbumin OVA OT-I or OT-II peptide were also assayed for their relative abilities to present antigen-to-transgenic OVA-specific CD8 T lymphocytes (CD8) and CD4 helper T (Th) cells (Fig. 3 E and F) . Monocytes differentiated in CD14-high CM were impaired in their ability to stimulate T-cell proliferation.
Recent studies have revealed that TAMs are polarized into protumorigenic M2 macrophages (17, 19) . We analyzed BC TAMs (Gr-1-CD11b+ F4/80+) for the expression of CD206 and CD301, two markers that are expressed on M2 macrophages. CD14-high tumors were characterized by a higher relative frequency of CD206+ CD301+ M2-like macrophages (Fig. 3G  and Fig. S4D ). CD14-high CM-polarized bone-marrow-derived macrophages showed reduced production of nitric oxide and increased arginase activity compared with CD14-low CM-polarized macrophages, indicating that factors secreted by CD14-high BC cells more efficiently polarize macrophages to an M2-like phenotype ( Fig. S4 E and F) . Furthermore, CD14-high CMpolarized macrophages are less efficient at presenting antigens to stimulate T-cell proliferation ( Fig. 3 H and I) . Accordingly, the frequency of CD8+ T-cell infiltration in CD14-low BC tumors is higher than in CD14-high tumors, even though MHC I expression in both subpopulations of tumor cells is similar (Figs. S4G and S5 ).
Inflammation Mediators from CD14-High BC Cells Promote Tumor
Proliferation. The gene expression profile of CD14-low cells corresponds to genes associated with cell cycle and proliferation ( Fig. S3 C and D) . Accordingly, the frequency of tumor cells in CD14-low MB49 tumors was higher compared with CD14-high tumors (Fig. S6) . Measurement of BrdU incorporation by different BC subpopulations in vitro revealed that CD14-low BC cells proliferate faster than CD14-high cells (Fig. 4A) . Bulk, unsorted MB49 cells also proliferate at a similar rate to the CD14-low subpopulation. To compare the proliferation rates of different BC subpopulations in vivo, equal numbers of each subpopulation were implanted into mice and analyzed after 1 mo. As predicted, CD14-low BC cells have a higher proliferation rate and composed ∼90% of the MB49 cells within the tumor (Fig. 4B) . In vitro, both BC subpopulations show increased proliferation upon culture in exogenously added CD14-high CM, with CD14-low BC cells still proliferating at a higher rate compared with CD14-high cells (Fig. 4C) . CM from CD14-low cells also induces an increase in proliferation of CD14-high BC cells. Collectively, these results suggest that inflammatory factors secreted by both BC subpopulations can act on each other in an autocrine and paracrine fashion to promote tumor proliferation. To evaluate the possible cooperative effects of paracrine signaling between different BC subpopulations on tumor growth, both MB49 subpopulations and bulk, unsorted MB49 cells were respectively implanted into mice and evaluated after 1 mo. Tumor mass of bulk, unsorted MB49 tumors was significantly higher than tumors formed by either subpopulation alone, further suggesting that tumor growth is most efficient when cellular heterogeneity of the tumor is preserved (Fig. 4D) .
Discussion
TPI is a consistent hallmark of the tumor microenvironment (43, 44) . Here, we reveal CD14-high tumor cells produce many signaling mediators that act on a range of host cells to establish the inflammatory tumor microenvironment. These factors include small molecules, cytokines, chemokines, growth factors, and angiogenic factors that can promote tumor growth through multiple different mechanisms. IL6 and IL8/CXCL1 have protumorigenic effects on tumor, stromal, and immune cells (45) (46) (47) . Overexpression of IL6 or IL8 in many tumors has been associated with poor prognosis (48, 49) .
We used the MB49 mouse BC cell line to examine the BC tumor microenvironment in a syngeneic, immune-competent host that mimics physiological conditions during tumor growth. In our study, we found that CD14-high BC cells consistently form larger tumors that have higher frequencies of vessel-forming endothelial cell infiltration. Tumors formed by CD14-high cells are also characterized by higher frequencies of myeloid cell infiltration, including monocytes, macrophages, neutrophils, and DCs. This is an important feature frequently observed during chronic inflammation in BC, hepatocellular carcinoma, and pancreatic adenocarcinoma (12, 20, 30) . Our study further determined that immune mediators produced by CD14-high tumor cells effectively recruit myeloid cell infiltration and retention.
Using CD14 knockouts, we found that CD14 plays a central role in cytokine production by CD14-high BC cells and the consequent protumorigenic effects of the cytokines. Nevertheless, even in the absence of LPS stimulation, we observed that both CD14-high human and mouse BC cell lines produce higher levels of IL6 and other factors. Furthermore, LPS stimulation did not significantly increase cytokine secretion by both BC subpopulations, suggesting that tumor cells might be constitutively producing endogenous ligands for CD14 at significant levels. Accordingly, MB49 BC subpopulations have high expression levels of numerous reported endogenous ligands for CD14 and TLRs, including HSP60, peroxiredoxin 1 (Prdx1), and high mobility group box 1 (HMGB1) proteins (Fig. S5) . However, further studies beyond the scope of this report are needed to identify the ligand for CD14 in bladder cancers.
TLRs have long been implicated in promoting tumor growth through divergent mechanisms. Recent studies in gastric cancer (GC) found that TLR2 expression in GC cells promotes tumor cell survival and proliferation, but not inflammation (50) . In contrast, another study proposed that TLR2 expression on melanoma cells mediated the production of immune-suppressive cytokines such as IL6 (51) . Moreover, knockdown of TLR4 expression in colon cancer cells resulted in the loss of IL6 and blockade of tumor growth (52) . In our model, TLR expression is similar across different MB49 populations (Fig. S5) . However, CD14 is known to be critically important in the signaling pathways of TLR 2, 3, 4, 7, and 9, possibly providing a crucial link between studies evaluating the role of different TLRs (39, 40) . We found that CD14 signaling in CD14-high BC cells is indeed mediated through multiple TLRs except TLR3. This redundancy ensures that the crucial function of cytokine secretion is preserved even when individual TLRs are blocked. Detailed dissection of the crosstalk between different TLR-signaling pathways will have to be explored in future studies.
Tumor-associated macrophages are a major component of TPI (23) . TAMs promote tumor growth by producing soluble factors that activate neo-angiogeneis and stimulate tumor proliferation. In our study, we observed that CD14-high tumorfactor-polarized monocytes and macrophages are more immunesuppressive and are impaired in their ability to stimulate T-cell proliferation. Inflammation factors secreted by CD14-high BC cells are consistently more efficient at downregulating MHC II on monocytes and polarizing macrophages toward an M2-like phenotype.
Heterogeneity of cancer cells within a neoplastic lesion is a well-documented phenomenon (26, 29) . In both the 639V and MB49 models, heterogeneity of CD14 expression is preserved, allowing for CD14-high and -low cell isolation by FACS. A key finding of our study was that CD14-low BC cells proliferate faster than CD14-high BC cells, thus representing the BC subpopulation constituting the vast majority of tumor mass in established tumors. However, CD14-high tumor cells produce higher levels of factors that act on itself and the CD14-low subpopulation in an autocrine and paracrine fashion to increase tumor cell proliferation. The observation that unsorted MB49 cells, which preserve the heterogeneity of the cancer, form larger tumors than CD14-high or -low cells alone lends support to this. Interestingly, the cytokine production profile of bulk unsorted cells (consisting mainly of CD14-low cells) closely resembles that of CD14-low cells, with notable exceptions in IL8 (639V) and IL12p40 (MB49).
The experimental models used in our studies do not exhibit invasive or metastatic characteristics. Given this important limitation in our experimental models, we were unable to study whether TPI and increased tumor cell proliferation induced by CD14-high cells ultimately leads to tumor progression and metastases. Further studies using metastatic tumor cell models are needed to investigate the role of CD14 expression in these processes.
In summary, our study defines the crucial role of CD14-high tumor cells in orchestrating TPI to promote tumor growth and proliferation in BC. Inflammatory factors produced by this subpopulation of tumor cells activate angiogenesis to support the establishment and maintenance of an immune-suppressive, inflammatory tumor microenvironment. Additionally, this subpopulation is able to drive tumor growth by producing factors that drive autocrine and paracrine proliferative stimulation. Collectively, this study highlights the need to explore the broader role of CD14-expressing neoplastic cells in other solid tumors. Given that CD14 expression is critical for IL6 production by CD14-high cells, therapeutic targeting of CD14 might possibly represent a novel and efficient strategy to mitigate TPI and treat cancer.
In a broader context, it has recently been shown that inflammation in the mouse bladder can result in damage to the umbrella cell layer, which stimulates basal cells to secrete sonic hedgehog (SHH) (53) . This signals SHH-responsive subbasal stromal cells with SHH receptors to activate Gli-1 and transcribe Gli-1-responsive genes, including WNT 2 and 4, which in turn stimulate basal bladder epithelial cells to proliferate and begin bladder repair (53) . The complex cellular composition of bladder cancer cell subsets, including KRT14+CD14+CD90+ tumor-initiating bladder cancer cells and stromal cells of as-yet-undefined lineages, emphasizes the need to dissect the pathways that support bladder cancer growth and progression to develop rational combination therapies for this disease.
Materials and Methods
The Stanford University Institutional Review Board approved the enrollment of human subjects under protocol 1512. The Stanford Administrative Panel on Laboratory Animal Care approved the mouse studies under protocol 26270.
Bladder Tumor Tissue Dissociation, Flow Cytometry Analysis and Cell Sorting, and Tumor Engraftment. Dissociation, FACS analysis, sorting, and engraftment were preformed as previously described (28) . See SI Materials and Methods for further details. 
